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We study Dark Matter (DM) in the Exceptional Supersymmetric Standard Model (E6SSM). The
model has both active and inert Higgs superfields and by imposing discrete symmetries one can
generate two DM candidates. We show that the lightest higgsinos of the active and inert sectors
give a viable setup for two-component DM. We also illustrate the scope of both direct and indirect
detection experiments in extracting such a DM sector. Future experiments of the former kind have
a good chance of finding the active component while the inert higgsino will be very hard to detect
while those of the latter kind will have no sensitivity to either candidate.
I. INTRODUCTION
Recent Planck satellite observations of the fluctuations in the Cosmic Microwave Background (CMB) [1, 2] confirmed
that the largest part of our universe consists of invisible matter: Dark Matter (DM) for 26.8% and Dark Energy (DE)
for 68.3% of it, while less than 5% of it is in the form of observable matter. Such a small part of visible matter is
composed of (anti)quarks and (anti)leptons, in addition to gauge bosons. Therefore, it is not unrealistic to imagine
that the DM sector is not minimal either and the assumption of multi-component DM is quite justified.
In multi-component DM scenarios, we may have a combination of cold and warm DM that could explain the
problem of small scale structure, where a discrepancy between collisionless cold DM and observational data was
found [3]. Moreover, having multiple DM particles may provide interesting solutions for avoiding stringent constraints
imposed nowadays from negative searches for DM at Direct Detection (DD) and Indirect Detection (ID) experiments
and also at the Large Hadron Collider (LHC).
A DM candidate is natural in the context of Supersymmetry (SUSY) with so-called R-parity conservation [4].
However, the minimal version of SUSY, the so-called Minimal Supersymmetric Standard Model (MSSM), contains
only one DM candidate that has been widely studied in the literature. However, the combined LHC and relic
abundance constraints rule out most of the MSSM parameter space except very narrow regions. Therefore, non-
minimal SUSY models with a richer structure than the MSSM and hallmark signatures, such as the Exceptional
Supersymmetry Standard Model (E6SSM) of Refs. [5–7], including in its constrained version [8–11], may provide new
DM candidates that account for the observed relic density without a conflict with other experimental constraints. The
E6SSM is a string inspired SUSY scenario with an E6 gauge group. The E6 gauge symmetry prevailing at the scale
of a Grand Unification Theory (GUT) is then broken via E6 → SU(3)c×SU(2)L×U(1)Y ×U(1)N at lower energies.
At such scales, wherein the E6SSM is essentially a Standard Model (SM) × U(1)N effective description from the
viewpoint of a gauge theory, extra Right-Handed (RH) neutrinos are uncharged under U(1)N and can then acquire
large intermediate scale Majorana masses leading to a Type-I see-saw mechanism to explain the small Left-Handed
(LH) neutrino masses [12].
In the E6SSM, the 4 × 4 neutralino mass matrix of the MSSM, composed of the bino, the neutral wino and two
active higgsinos, is greatly enlarged into a 12×12 matrix, which further includes 4 inert higgsinos, one active singlino,
two inert singlinos and another bino, wherein inert refers to (the SUSY counterpart of) a (pseudo)scalar field which
does not acquire a Vacuum Expectation Value (VEV), unlike an active one which does (i.e., it is a Higgs state). It has
been observed that the 6 inert states tend to decouple from the rest of the neutralino spectrum and it makes sense to
consider their 6×6 matrix separately. One of the possible scenarios interesting to study then is two-component DM,
with one active neutralino and one inert neutralino being the two DM candidates, which is indeed the aim of this
study.
The plan of this paper is as follows. In the next section, we describe the simplified version of the E6MSSM we will
be dealing with, with two subsections specifically dedicated to describe both active and inert neutralino and neutral
(pseudo)scalar fields. Then, in Sect. III, we discuss the ensuing DM sector and the relic densities. We present our
results for DD and ID rates in Sects. IV and V. We conclude in Sect. VI.
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2II. SIMPLIFIED E6SSM MODEL
A Supersymmetric E6 GUT model emerges from ten-dimensional heterotic string theory after the compactification
of extra dimensions. The E6 gauge group can be broken down to the SM gauge group as follows:
E6 −→ SO(10)× U(1)ψ
−→ SU(5) × U(1)χ × U(1)ψ
−→ SU(3)C × SU(2)L × U(1)Y × U(1)χ × U(1)ψ. (1)
The low energy gauge group obtained is thus a scenario with the SM gauge group extended by an additional U(1)N
symmetry. This U(1)N structure is given by
U(1)N = cosϑ U(1)χ + sinϑ U(1)ψ, (2)
where tanϑ =
√
15 so the RH neutrinos are chargeless. In this case, the fundamental representation of E6, 27i-plet,
i = 1, 2, 3, is decomposed under SU(5)× U(1)N as
27i → (10, 1√
40
)i + (5¯,
2√
40
)i + (5¯,
−3√
40
)i + (5,
−2√
40
)i + (1,
5√
40
)i + (1, 0)i, (3)
where the following field associations can be made:
• (10, 1√
40
)i and (5¯,
2√
40
)i → Normal matter
• (5¯, −3√
40
)i and (5,
−2√
40
)i → Three generations of Higgs doublets Hdi, Hui and exotic coloured states D¯i, Di
• (1, 5√
40
)i → Three generations of singlets Si
• (1, 0)i → RH neutrinos
At low energies, the U(1)N is broken spontaneously by the singlet, S3, which develops a VEV, s, radiatively.
Therefore, we have a Z ′ boson of mass of order of the SUSY breaking scale, say, a few TeV. Automatic anomaly
cancellation is ensured by allowing three complete 27 representations of E6 to survive down to the low energy scale.
These three 27 representations contain not only the three matter generations but also the Higgs doublets and singlet
that will acquire VEVs. Thus, we have other two copies of doublet and singlet fields, Hdα, Huα, Sα, α = 1, 2, that
do not develop a VEV and hence are inert (or dark) (pseudo)scalars. Their Yukawa couplings to SM matter are
consequently very suppressed and this prevents Flavour Changing Neutral Currents (FCNCs). In this regards, the
following VEVs are acquired by the third generation of fields in the Higgs sector:
〈H0d3〉 =
vd√
2
=
v cosβ√
2
, 〈H0u3〉 =
vu√
2
=
v sinβ√
2
, 〈S3〉 = s√
2
. (4)
In addition to the gauge symmetries, the following discrete symmetries are assumed in this class of models [12, 13]
(see Tab. I).
• ZH2 : to distinguish between the third active generation and the inert generations of doublets and singlets, which
supresses flavour transitions. (Note that this symmetry also suppresses λijk couplings of the forms λα33, λ3α3
and λαβγ with α, β, γ = 1, 2.)
• ZL2 or ZB2 : to forbid proton decay, which is exact.
• ZM2 ≡ R: while in the MSSM this is imposed to avoid the B − L violating terms in the Superpotential, in the
E6SSM it is automatic due to the U(1)N presence. (As usual, the states which are odd under R-parity are called
Superpartners, with the lightest Superpartner, i.e., the Lightest Supersymmetric Particle (LSP) being stable.)
In this case, one finds that the low energy effective Superpotential is given by
W = YuQU
cHu + YdQD
cHd + YeLE
cHd + YνLν
cHu + λSHdHu, (5)
where λSH1H2 stands for λijkSiHdjHuk . Therefore, the effective µ-parameter is given by λ333s/
√
2, generating the
term µHd3Hu3 in the Superpotential, thereby avoiding the so-called µ-problem of the MSSM.
3ZH2 Z
L
2 Z
B
2 Z
M
2
Sα - + + +
Hdα, Huα - + + +
S3 + + + +
Hd3, Hu3 + + + +
Qi, u
c
i , d
c
i - - - -
Li, e
c
i - - - -
D¯i, Di - + - +
TABLE I: Discrete symmetries in the E6SSM.
Before proceeding further by describing the gaugino sector of the E6SSM, we shall now make a remark concerning
the Z ′ mass bounds. In models with extra U(1) gauge groups, kinetic mixing between the gauge bosons is allowed.
Such a mixing is expected to be generated through loops in the Renormalisation Group Equation (RGE) evolution
[14, 15]. The mixing opens up the decay channel Z ′ → W+W−, which easily becomes the dominant one. The
increased width reduces the sensitivity of conventional resonance searches [16, 17]. Also the decays to Superpartners
reduce the dilepton Branching Ratio (BR) so the usual dilepton bound of 4.5 TeV [18] becomes 3.3 TeV. In such
conditions, then, the bound from Z ′ → W+W− is practically the same as from the dilepton searches. Our bounds
are slightly lower than in [19], though, as in our case the inert Superpartners are light and take a share of the Z ′
BR. Notice that, in what follows the Z ′ mass is relevant in the DD rates of inert neutralinos, but the corresponding
results can easily be scaled to a given Z ′ mass. In constrast, outside resonant regions, the actual MZ′ value does not
affect the relic densities.
A. Active and inert neutralino states
Let us now consider the active sector in the E6SSM. In this model, the neutralinos χ˜
0 (i = 1, .., 6) are the physical
(mass) superpositions of three fermionic partners of the neutral gauge bosons, called gauginos B˜ (bino), W˜ 3 (wino)
and B˜′ (B’ino), plus the three fermionic partners of the neutral MSSM Higgs states, called higgsinos H˜01 and H˜
0
2 . In
the basis of
(
λB˜ , W˜
0, H˜0d , H˜
0
u, S˜, λB′
)
, the active neutralino mass matrix is given by
mχ˜0 =

M1 0 −MZsW cβ MZsW sβ 0 0
0 M2 MZcW cβ MZcW sβ 0 0
−MZsW cβ MZcW cβ 0 − 1√2vsλ − 1√2λvsβ mλB′ H˜0d
MZsW sβ MZcW cβ − 1√2vsλ 0 − 1√2λvcβ mλB′ H˜0u
0 0 − 1√
2
λvsβ − 1√2λvcβ 0 12
√
5
2gNvs
0 0 mH˜0dλB′
mH˜0uλB′
1
2
√
5
2gNvs M
′
1

, (6)
where cW ≡ cos θW , sW ≡ sin θW , cβ ≡ cosβ, sβ ≡ cosβ while M1, M2 and M ′1 are the U(1)Y , SU(2)L and U(1)N
soft SUSY-breaking gaugino masses, respectively. Furthemore, one has
mλB˜H˜0d
= − 1
20
(
10g1 + 3
√
10gBY
)
v1, (7)
mλB˜H˜0u
=
(1
2
g1 − 1√
10
gBY
)
v2, (8)
mH˜0dλB′
= − 1
20
(
10gY B + 3
√
10gN
)
v1, (9)
mH˜0uλB′
=
(1
2
gY B − 1√
10
gN
)
v2. (10)
This matrix is diagonalised through N , such that
N∗mχ˜0N† = m
diag
χ˜0 , (11)
4with
λB˜ =
∑
j
N∗j1λ
0
j , W˜
0 =
∑
j
N∗j2λ
0
j , H˜
0
d =
∑
j
N∗j3λ
0
j , (12)
H˜0u =
∑
j
N∗j4λ
0
j , S˜ =
∑
j
N∗j5λ
0
j , λB′ =
∑
j
N∗j6λ
0
j . (13)
In these conditions, the LSP has the following decomposition:
χ˜01 = N11λB˜ +N12W˜
0 +N13H˜
0
d +N14H˜
0
u +N15S˜ +N16λB′ . (14)
In addition, the mass matrix for the inert neutralinos in the basis of
(
h˜0,Id1 , h˜
0,I
d2 , h˜
0,I
u1 , h˜
0,I
u2
)
is given by
mχ˜0,I =

0 0 − 1√
2
vsλ311 − 1√2vsλ312
0 0 − 1√
2
vsλ321 − 1√2vsλ322
− 1√
2
vsλ311 − 1√2vsλ312 0 0
− 1√
2
vsλ321 − 1√2vsλ322 0 0
 . (15)
Finally, notice that, here, we have not included the inert singlinos which in this simplified model have no Yukawa
interactions and thus are completely decoupled and massless.
B. Active and inert (pseudo)scalar states
In this type of E6SSM model, the active neutral Higgs states Hu and Hd are mixed with the singlet scalar S.
Therefore, the CP-even and CP-odd mass matrices are extended to 3 × 3 instead of 2 × 2 matrices. The lightest
CP-even neutral Higgs is the SM-like Higgs with mass equal to 125 GeV. The other Higgs bosons are typically
heavier.
In addition, we have neutral inert (pseudo)scalar states with the following mass matrix in the basis of
(
h0I1 , h
0I∗
2
)
,(
h0I∗1 , h
0I
2
)
:
m0Ih =
 m211 m212
m2T12 m
2
22
 , (16)
where the m2ij entries are given in terms if soft SUSY-breaking terms and the corresponding D-terms. It is remarkable
that, due to the discrete symmetry ZH2 , the mass eigenstates of the inert fields respect the CP symmetry, hence, both
CP-even and CP-odd states have equal masses and the complex fields hi given by their superposition are the physical
states.
Finally, the inert singlet scalars are completely decoupled, with the following mass matrix:
m2sI = −
1
16
g2N
(
2v22 + 3v
2
1 − 5v2s
)
I2×2 +m2sI2×2, (17)
where I2×2 is (2 × 2) unit matrix and m2s is the soft SUSY-breaking term of the singlet scalar. We may then notice
that the mass has a contribution of the form g2Nv
2
s , which is the scale of the Z
′ mass, so the inert singlet scalars will
never be light as long as the soft masses m2s are positive.
III. TWO-COMPONENT DM SCENARIO
We shall now look at different cases with two DM candidates. One of them will be stabilised by the R-parity
while the other by the ZH2 symmetry (hereafter, Z2 for ease of notation). As we want both components to produce
only a fraction of the observed DM relic abundance, we are directed towards the DM candidates that usually lead to
underabundance, namely higgsinos and winos [20]. Both of these can be motivated to be the LSP: we have a higgsino
LSP if the effective µ-parameter is smaller than the smallest gaugino mass parameter and the wino is naturally the
LSP in Anomaly Mediated SUSY Breaking (AMSB) [21]. From the Z2-odd sector we thus have inert (pseudo)scalar
5Benchmark Active mass Inert mass ΩAh2 ΩIh2
BP66 903 606 0.0804 0.0382
BP69 619 926 0.0461 0.0731
BP72 766 753 0.0637 0.0575
TABLE II: The BPs chosen for further investigation. The masses are given in GeV’s.
states and inert higgsinos as the potential DM candidates. If the inert higgsino were the LSP, we could also have both
of the DM candidates from the inert sector.
The physics of two-component DM differs from the single component case. The DM particles freeze out at tem-
peratures close to m/T ∼ 20. When the two DM components have different masses, the heavier one freezes out first
and after its freeze-out it has a higher number density than it would have under thermal equilibrium. If there are
annihilation processes where the lighter DM particle can coannihilate with the heavier one, these processes can be
largely enhanced compared to standard freeze-out and the relic abundance can be different from the corresponding
single component case by several orders of magnitude [22].
Hereafter, we define two-component DM to mean a case where both DM candidates give a sizable fraction of the
total relic density. In such a case, the phenomenology could differ from a single component case and both components
might be detectable. Unfortunately, this rules out inert (pseudo)scalar fields as DM candidates. They are complex
scalar fields and have a coupling to the Z-boson and hence would have been detected in DD experiments already. We
may also note that, in the case of m1 + m2 > m3, where m1 and m2 are the two lightest amongst the lightest inert
(pseudo)scalar, lightest inert neutralino and lightest active neutralino while m3 is the heaviest amongst them, the latter
also becomes stable despite not been protected by any discrete symmetry. For instance, let the inert (pseudo)scalar
be heavier than the other two. For it to decay, the only Z2-odd particle available is the inert neutralino, but such a
decay would violate R-parity unless there is also a Z2-even neutralino in the final state. As the inert scalar is excluded
as DM candidate by DD constraints (unless the relic abundance is very small), we exclude the part of parameter space
which leads to three stable DM candidates.
The model files for our studies were prepared with SARAH (v4.14.1) [23], the spectrum was extracted from SPheno
(v4.0.3) [24] while the DM observables were computed with micrOmegas (v5.0.8) [25, 26].
A. Two higgsinos as DM candidates
A MSSM higgsino with a mass below 1 TeV leads to underabundance in the case of a single DM component [20]
and the relic density increases almost linearly with the higgsino mass. As the main annihilation channel for higgsinos
is neutralino-chargino coannihilations via SM gauge bosons, the inert neutralino should behave similarly. Hence sub-
TeV higgsinos would be potential DM candidates in a two-component scenario. This is what we also find when we
scan the parameter space.
The two higgsinos annihilate nearly independently, so the sum of their masses is nearly constant when we require
ΩCDMh
2 = 0.120 ± 0.002. We plot the viable data points in Fig. 1 and indicate by colour the fraction of the active
higgsino component to the total relic density. For these points
mH˜0 +mH˜0,I = 1.53± 0.03 TeV. (18)
The sum of the masses is at the upper half of this interval if the inert neutralino is heavier and at the lower half of
this interval if the active neutralino is heavier, as show in Fig. 2. We shall discuss the reasons for this below.
In our scan we have kept the other particles so heavy that resonant annihilation does not occur. If, however, it
happened to be that one of the DM candidates had a mass close to, say, MZ′/2, the resonant annihilation could give
the correct relic density in a configuration that would otherwise lead to overabundance. For further examination, we
pick Benchmark Points (BPs) with neutralino masses given in Tab. II. One of the BPs has a heavy active and a light
inert higgsino, one has a heavy inert and a light active higgsino and one has roughly degenerate DM candidates. For
all of the BPs we have MZ′ ' 3.3 TeV, which is the experimental lower bound in our case.
We show the relic densities of the individual higgsino components for the points satisfying the relic density constraint
as a function of their masses in Fig. 3. There is a small difference in the relic density, which is due to the larger
Boltzmann suppression (the mass splittings are larger) in the case of the active higgsino, which reduces the neutralino-
chargino coannihilation rate. We can also see that the heavier component has a slightly smaller relic density than it
would have had in a single DM component scenario. This is due to charged current interactions, where the lighter
chargino scatters from the heavier neutralino and produces a heavy chargino and a light neutralino and the heavy
chargino then annihilates a heavy neutralino. This charged current process is more efficient when the colliding particles
6FIG. 1: The data points that give a relic density of ΩCDMh
2 = 0.120± 0.002. The color indicates the percentage of
the active higgsino component of the total relic density. We also pick three of the data points, indicated by the
arrows, for studying DD and ID rates in more detail.
FIG. 2: The sum of the two neutralino masses as a function of the inert higgsino mass. We see that the sum of the
masses is larger when the inert neutralino is the heavier of the two.
have a similar mass so that the lab frame is close to the center-of-mass frame. For SM particles the situation would
be close to a fixed target scattering, where the threshold energy for chargino production is larger.
This process also explains why the sum of masses is slightly different for different mass orderings. The mass splitting
between the active chargino and active neutralino is larger so that χ˜±χ˜0I → χ˜0χ˜±I is always kinematically allowed
whereas there is a threshold for the process χ˜±I χ˜0 → χ˜0I χ˜±. Hence the effect of the lighter DM component is larger
in the case when the active one is lighter and hence the sum of masses also is.
The annihilation proceeds mostly through the SM gauge bosons either as neutralino-neutralino annihilation through
the Z boson or as neutralino-chargino coannihilation through the W± so the annihilation cross section is almost
completely insensitive to scanning parameters besides the higgsino masses. The only other annihilation channel that
7FIG. 3: Relic density contributions of the individual higgsino components (red for active higgsino, blue for inert
higgsino) for the data points that satisfy the relic density constraint. The difference between the inert and active
components is due to the larger mass splitting of the active neutralino and chargino.
could contribute is via a Higgs boson through the Superpotential coupling λSHuHd, but that only contributes through
the singlino component of the higgsino, which is always tiny. Furthermore, the coupling λ is O(0.1), i.e., clearly smaller
than the gauge couplings. Hence, a Higgs mediated contribution is always below the percent level.
The scenario with two higgsinos is also viable from the viewpoint of DD bounds. As we discuss in the next section,
the Spin-Independent (SI) cross section for the active higgsino is about an order of magnitude below the limits from
Xenon1T [27] while for the inert higgsino the scattering cross section is a couple of orders smaller than for the active
one. Also the Spin-Dependent (SD) cross section is larger for the active higgsino.
B. Wino and inert higgsino as DM candidates
The wino as a DM candidate leads to underabundance of relic DM, if it is lighter than 2 TeV [20]. However,
together with the inert higgsino, one may achieve the correct relic density. Also in this case the annihilations are
basically independent. Due to the more efficient annihilation process of the wino, the masses of the two neutralinos
need to be larger than in the case of two higgsinos. Typically, the wino needs to be twice as heavy as the higgsino to
get the same relic density. The wino component gives roughly 30% of the relic density when the two DM candidates
are degenerate, which happens around 950 GeV.
As the abundance of the wino component is smaller and it couples to the Z boson only through its mixing with the
higgsinos, this scenario will be harder to discover through DD experiments. The SI DD cross section σSIΩW˜ /Ωtot '
10−10 pb, which might eventually be detectable (as we shall se below). As the case with two higgsinos has the higher
chance for detection, we shall concentrate on it in the following.
C. Other combinations
None of the other scenarios produces a viable pair of DM candidates. In the inert sector the inert doublet scalars
have too large a DD cross section, which rules these out. The inert singlets have masses of the order of the Z ′ mass
and hence they are never the lightest particles in the inert sector. Finally, also the non-MSSM gaugino B˜′ has a
mass of the order of the Z ′ mass and hence it will not be the lightest Superpartner while the usual bino leads to
overabundance without resonant annihilation.
8FIG. 4: The Feynman diagrams contributing to the DD of higgsino DM in the E6SSM. For the inert higgsino only
the Z ′ channel comes with unsuppressed couplings.
IV. TWO HIGGSINOS DM AND DIRECT DETECTION EXPERIMENTS
We now discuss the SI and SD DM scattering cross section of the active and inert higgsino DM that we discussed
in the previous section. The relevant Feynman diagrams for DD are given in Fig. 4.
The effective scalar interactions of these two DM candidates with up and down quarks are mainly given by Z ′
exchange and the interaction with gluons is induced by Higgs exchange through heavy-quark loops, i.e.,
Leff = fqχ˜χ˜ q¯q + bαsχ˜χ˜GµνaGaµν , (19)
where fq ∝ g2N/M2Z′ comes from the Z ′ mediated process and b is Higgs-gluon coupling induced by the heavy quark
loops. The effective coupling of χ˜ with protons and neutrons fp, fn can be computed in terms of fu, fd and b [28]
with the zero momentum transfer scalar cross section of the higgsino scattering with the nucleus given by [29]:
σSI0 =
4m2r
pi
(Zfp + (A− Z)fn)2 , (20)
where Z and A− Z are the number of protons and neutrons, respectively, mr = mNmχ˜1/(mN +mχ˜1), where mN is
the nucleus mass. Thus, the differential scalar cross section for non-zero momentum transfer q can be written as
dσSI
dq2
=
σSI0
4m2rv
2
F 2(q2), 0 < q2 < 4m2rv
2, (21)
where v is the velocity of the lightest neutralino and F (q2) is the relevant Form Factor (FF) [28]. Therefore, the SI
(scattering) cross section of the LSP with a proton is given by
σpSI =
∫ 4m2rv2
0
dσSI
dq2
∣∣
fn=fp
dq2. (22)
The SD interaction of a DM candidate stems solely from the quark axial current:
aN χ¯γ
µγ5χ N¯γµγ5N,
where aN =
∑
q=u,d,s dq∆
(N)
q , with dq the effective quark level axial-vector and pseudoscalar couplings and ∆
(N)
q is
given via ∆
(p)
u = ∆
(n)
d = 0.77, ∆
(p)
d = ∆
(n)
u = −0.40, and ∆(p)s = ∆(n)s = −0.12. In this case, the SD (scattering) cross
section of DM-nucleus is given by
σSD =
16
pi
m2ra
2
NJN (JN + 1), (23)
where JN is the angular momentum of the target nucleus. In case of the proton target, JN = 1/2.
In Fig. 5, we display the SI and SD cross sections of the active (left panel) and inert (right panel) higgsino LSP
with a proton after imposing the relic abundance constraints. As the DM-nucleon recoil rates are dependent on the
local density of the DM candidate, in the case of multicomponent DM the density of each species is smaller and
then it is necessary to re-scale the Ωi/Ω factor, where Ωih
2 is the relic abundance for the active (H˜0) or the inert
(H˜0,I) neutralino. All our BPs satisfy the XENON-1T exclusion region and, in the case of SI interactions, the active
DM candidate is clearly within the region of visibility for future DD experiments like XENON-nT and DARWIN
[30]. However, the cross section of the inert higgsino is too low and therefore falls into the neutrino floor or neutrino
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FIG. 5: SI (left) and SD (right) cross sections of active neutralino (purple) and inert neutralino (green) scattering
with protons, as a function of their masses. All these points satisfy the XENON-1T exclusion region, and the active
DM candidate is within the region for future DD experiments like XENON-nT and DARWIN (in here, re-scaled by
the factor Ωi/Ω) [30]. We have highlighted the exemplary BPs 66 (orange), 69 (blue) and 72 (navy).
coherent scattering [31], where it will be challenging to probe in the future. We have highlighted the exemplary BPs
66 (orange), 69 (blue) and 72 (navy).
The differences between the active and inert neutralinos can be understood rather easily. In the SD case the higgsino
coupling to the Z boson comes from
L = g
4 cos θW
χ˜γµγ5(|N13|2 − |N14|2)χ˜Zµ, (24)
where N13 and N14 give the H˜u and H˜d components of the lightest neutralino. If the mass matrix had only the
µ-term, then |N13| = |N14| = 1√2 and the coupling would vanish. Since the active higgsinos mix with the gauginos,
|N13| 6= |N14| and hence the coupling is non-zero, while for inert higgsinos the coupling vanishes as they do not mix
with other states. When gauge kinetic mixing is introduced, also the inert higgsino gets a coupling to the Z boson
but this is much smaller than that of the active higgsino.
The difference in the SI cross section arises from the SM-like Higgs mediated scattering, which again is only relevant
for the active higgsino as it mixes with the singlino. The SI cross section of the inert higgsino arises through the Z ′,
the active singlet (which are heavy) or the tiny singlet-doublet mixing of the SM-like Higgs. Also, the squarks can act
as mediators in the case of an active higgsino, but their contribution is so small that it can be neglected. For the inert
higgsino the Z ′ is the only mediator with unsuppressed couplings. For the Z channel the coupling is suppressed by
the small kinetic mixing and for scalar mediators by the even smaller singlet-doublet mixing. As mentioned before,
for these BPs, we have taken MZ′ ' 3.3 TeV and used gN = 0.41. The DD cross sections arising from Z ′ for other
masses and couplings will scale as g4N/M
4
Z′ .
In the case of SI interactions, the distribution of the number of events versus the recoil energy can be calculated as
dNSI
dE
=
2Mdect
pi
ρ0
Mχ
F 2A(q)(λpZ + λn(A− Z))2I(E), (25)
where ρ0 is the DM density near the Earth, Mdec the mass of the detector, t the exposure time and FA(q) the nucleus
FF which depends on the momentum transfer q =
√
2EMA and
I(E) =
∫ ∞
vmin(E)
f(v)
v
dv, (26)
vmin(E) =
(
EMA
2µ2χ
)1/2
. (27)
where MA is the mass of the nucleus.
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FIG. 6: Event rate (times WIMP mass) versus recoil energy for the selected BPs 66, 69 and 72 in detector material
made of (from top to bottom) Xe, Ge, Na and Si, for both the active (purple) and inert (green) neutralino.
For SI interactions, the FF is a Fourier transform of the nucleus distribution function,
FA(q) =
∫
e−iqxρA(x)d3x, (28)
where ρA(x) is normalised such that FA(0) = 1. In micrOMEGAs [29], the Fermi distribution function is used:
ρA(r) =
cnorm
1 + e(r−RA)/a
, (29)
where the normalisation condition fixes cnorm, and RA = 1.23A
1
3 − 0.6 fm for a surface thickness a = 0.52 fm.
In the case of SD interactions, instead of the nuclear FF FA(q) one needs to introduce instead the coefficients S00(q),
S11(q) and S01(q), which are the nuclear structure functions that take into account both the magnitude of the spin
in the nucleon and the spatial distribution of it. Then, the number of events over the nucleus recoil energy is
dNSD
dE
=
8Mdect
2JA + 1
ρ0
Mχ
(S00(q)a
2
0 + S01(q)a0a1 + S11(q)a
2
1)I(E), (30)
where the SD FFs are described using a Gaussian distribution:
Sij(q) = Sij(0)e
−q2R2A/4, (31)
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FIG. 7: (Top) Nuclear recoil spectrum for the selected BPs 66, 69 and 72 in a liquid Xe detector. Also shown are
the expected backgrounds [30, 31]. (Bottom) Ratio of active plus inert neutralino (solid) and active neutralino only
(dotted) signal rates to the total background ones as obtained from the top plots.
where RA = 1.7A
1
3 − 0.28 − 0.78
(
A
1
3 − 3.8 +
√
(A
1
3 − 3.8)2 + 0.2
)
fm. The normalisation of Sij(0) and the list of
all SD FFs implemented in micrOMEGAs can be consulted in [29].
In Fig. 6 we show the event rate for DD of active higgsinos (purple) and inert higgsinos (green) as a function of the
recoil energy of the nucleus for different dectection materials: Xe, Ge, Na and Si. The rate is multiplied by the WIMP
mass to make the curves on the plot independent of the neutralino mass. This recoil energy can be split in its SI and
SD parts. As the SI part for the inert DM candidate is much lower than the SD part (in comparison with the active
DM candidate), the total shape for both DM candidates is different. The expected sensitivity for experiments using
Ge, Na or Si is not low enough for our DM candidates to be seen in these cases [32]. For Xe, it is different. Thus, in
the top three frames of Fig. 7, we show the expected sensitivity to see the DM candidates in BPs 66, 69 and 72 in
the case of liquid Xe experiments, wherein we have a background that includes the electron recoil spectrum from the
double-beta decay of 136Xe (2νββ) and the summed differential energy for pp and 7Be neutrinos (pp+7Be) undergoing
neutrino-electron scattering. To discriminate between Nuclear Recoil (NR) and Electronic Recoil (ER) or background,
liquid Xe experiments split the signal in two regions, S1 and S2, which respond differently to such recoils [33]. In
here, a 99.98% discrimination of ERs at 30% NR acceptance is assumed and the recoil energies are derived using the
S1 signal only, according to Refs. [30, 31]. Finally, in the three bottom frames of Fig. 7, we show the ratio of the
rates for total signal (alongside that of the active neutralino only) and background. Specifically, the total signal rate
corresponds to the addition of the SI and SD event rates of both the active and inert higgsino while the background
rate corresponds to the addition of the neutrino rates from double beta decay and νe scattering. The total number
of events corresponding to our DM candidates is up to 104 times larger that the number of events with neutrinos
for low recoil energies and up to ten times larger for recoil energies larger that 100 keV, thus clearly vouching for
a forthcoming (potential) discovery of the active neutralino component of DM. Furthermore, the difference in shape
between the latter and the total signal for recoil energies below 60 keV may offer a hint of the presence of a second
DM component, so long that a significant level of control can be achieved on the shapes of both the dominant DM
signal and the background.
V. TWO HIGGSINOS DM AND INDIRECT DETECTION EXPERIMENTS
One of the most important methods for detecting DM in the galactic halo is the observation of γ-rays emitted from
the DM annihilation at the galactic center. The differential spectrum of the total observed γ-ray flux is given by
dΦtot
dEγ
=
dΦγ
dEγ
+
dΦBG
dEγ
, (32)
12
BP mass (GeV) 〈σannWW v〉(cm3/s) 〈σannZZ v〉(cm3/s) 〈σannh1Zv〉(cm3/s)
66 (active) 903 6.67× 10−27 5.03× 10−27 5.94× 10−28
66 (inert) 606 1.45× 10−26 1.18× 10−26 4.74× 10−29
69 (active) 619 1.41× 10−26 1.09× 10−26 1.16× 10−27
66 (inert) 926 6.67× 10−27 5.03× 10−27 5.94× 10−29
72 (active) 766 9.51× 10−27 7.66× 10−27 7.68× 10−29
72 (inert) 753 9.48× 10−27 7.64× 10−27 7.62× 10−29
TABLE III: The main annihilation channels of the higgsinos in our selected BPs. These are the values of 〈σanni v〉 in
Eq. (33).
where dΦγ/dEγ is the differential γ-ray flux generated from the DM, defined as
dΦγ(Eγ , ψ)
dEγ
=
∑
i
dN iγ
dEγ
〈σanni v〉
8pim2χ˜1
1
∆Ω
∫
∆Ω
dΩ
∫
los
ρ2(r) dl, (33)
where dN iγ/dEγ is the γ-ray spectrum produced per annihilation i and the astrophysical factor of Eq. (33) can be
identified as
〈J〉∆Ω =
∫
∆Ω
dΩ
∫
los
ρ2(r) dl. (34)
For generalised Navarro-Frenk-White (NFW) halo profile with inner slope γ = 1.3, one finds that the astrophysical
factor 〈J〉∆Ω is of order O(1022) GeV2 cm−5 [34, 35]. Finally, dΦBG/dEγ is the isotropic γ-ray backgrounds [36]. In
Tab. III we give the values of 〈σanni v〉 for each of the active and inert higgsinos of our selected BPs.
In Fig. 8, we show the differential flux of γ-ray secondary radiation from the galactic center as a function of the
photon energy. We show the γ-ray spectrum produced by the three exemplary BPs 66, 69 and 72 for both the active
(purple) and inert (green) neutralino. The FermiLAT data (with error) are presented in black and the corresponding
distribution for the background is shown in red. The distributions are very dependent on the masses and the flux is
larger the lighter the mass of the higgsino. In contrast with DD experiments, when the inert neutralino is the lightest
it would be this the DM candidate giving the largest contribution to the photon flux.
The γ-ray flux can be evaluated as
Φγ(E, φ) =
σv
m2DM
fγ(E)H(φ) (35)
and is expressed in number of photons per cm2 per s per sr. The factor H includes the integral of the squared of the
DM density over the line of sight,
H(φ) =
1
8pi
∫ ∞
0
drρ¯2(r′), (36)
where r′ =
√
r2 + r2 − 2rr cosφ and φ being the angle of observation, r the distance from the Sun to the galactic
center.
Another two interesting astrophysical probes to analyse with DM candidates are the antiproton and positron
excesses reported by PAMELA [37] and AMS-02 [38]. The propagation of charged particles in Cosmic Rays (CRs)
is one of the largest sources of uncertainties in predicting the background of antiprotons or positrons and the signal
from DM annihilation [38–41]. Charged particles are deflected by a diffusion process in the random galactic magnetic
field. The equation that describes the evolution of the energy distribution is
∂
∂z
(VCψa)−∇ · (K(E)∇ψa)− ∂
∂E
(b(E)ψa) = Qa(x, E), (37)
where ψa = dN/dE is the number density of particles per unit volume and energy, a denotes the particle species,
Qa is the source term and b(E) the energy loss rate. For antiprotons there is an extra term which accounts for a
negative contribution to the source term, as we explain below. Further, K is the space diffusion coefficient, assumed
homogeneous:
K(E) = K0β(E)(R/1 GV)δ, (38)
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where β is the particle velocity and R = p/q its rigidity. The collision between primary nuclei and the interstellar
gas leads to fragmentation of the parent nuclei and the production of secondary nuclei. Therefore the secondary-
to-primary particle ratio, e.g., the Boron-to-Carbon (B/C) ratio, is usually employed to constrain the propagation
parameters [40, 42, 43]. The coefficient K(E) introduced above is adequate to fit this B/C data.
In the case of positrons flux, the loss rate is dominated by synchrothon radiation in the galactic magnetic field and
inverse Compton scattering on stellar light and CMB photons, so that it is defined by
b(A) =
E2
E0τE
, (39)
where τE = 10
16 s is the typical energy loss time. Then the positron flux from DM annihilation reads as
ψe¯(E0, r, 0) =
σv
b(E0)
∫ mχ˜
E0
dEf(E)D(t(E0)− t(E), r), (40)
where D(τ, r) is a universal function for all energies. In MicrOMEGAs, the routine posiFluxTab tabulates first D as
a function of τ in the region 0 ≤ τ ≤ t(Emin)− t(mχ˜) and then perfom a fast integration for all energies.
In the case of antiprotons, the propagation is dominated by diffusion and the effect of the galactic wind. As stated
above, for antiprotons it is needed to add to Eq. (37) a negative source, which corresponds to the fragmentation or
decay of antiprotons in the interstellar medium (H,He). The annihilation rate is
Γtot = σ
ann
p¯H vp¯nH + σ
ann
p¯Hevp¯nHe, (41)
where vp¯ is the velocity of the antiproton, nH = 0.9 cm
−3 and nHe = 0.1 cm−3 are the average densities in the
galactic disc while σannp¯H(e) is the annihilation cross section that can be found in Ref. [39, 44]. (The production of the
secondary antiprotons is not included in the MicrOMEGAs code.)
Afer integration, the antiproton energy spectrum is
ψp¯(E, r, 0) =
σvfp¯(E)
K
∫ ∞
0
rdr
∫ L
0
dzG¯(r, z, 0)e−kcz
∫ pi
0
dφ
ρ2(r, z′)
m2χ˜
, (42)
with r′ =
√
r2 + r2 + 2rr cosφ and where G¯(r, z, 0) is the Green function which determines the probability of a CR
to propagate from the source to the detector, as defined in Ref. [39].
In Figs. 9 and 10 we show the resulting fluxes for positron and antiproton production, respectively. For both
cases we are comparing with the recent AMS-02 data [45]. In the case of the positron flux, the data reported by
AMS-02 seems compatible with the background (given by a diffused flux which corresponds to the observations of
positrons before the last AMS-02 report [46]) at low energies, but it requires a new source to explain the flux at
higher energies. Unfortunately, both the active and inert higgsinos have a shape similar to the background and fail in
proving a source to explain the excess at energies above 10 GeV. In the case of the antiproton flux, the background
corresponds to inelastic collisions between protons and the interstellar medium [40]. The data of AMS-02 fits very
well with the background, although there is room to improve the fit for energies between 10 to 100 GeV. However,
a better explanation to this excess would correspond to a DM candidate of lighter mass than the active and inert
higgsinos of the E6SSM.
VI. CONCLUSIONS
We have analysed the possibility of having two-component DM in a simplified version of a SUSY GUT model, the
E6SSM, which is inspired by string theory. We have shown that one of these DM components is the lightest active
neutralino (higgsino-like) that has direct couplings to the SM fermions. The other DM component is the lightest inert
neutralino (also higgsino-like) that does not have a direct interaction with the SM fermions, however, it couples to the
SU(2) gauge bosons as it is originating from the SU(2) inert Higgs doublets. These two particles are stable, hence,
they are candidates for DM, because of the R-parity and Z2 symmetries to which they obey, respectively.
We have then emphasised that the relic abundance limit Ωh2 = 0.12 ± 0.002 implies that the sum of the masses
of these two DM components is nearly constant and of order 1.5 TeV. We have thus considered three BPs that
give comparable contributions to Ωh2 from each DM component. In particular, we have studied the following cases:
mχactive > mχinert , mχactive ≈ mχinert and mχactive < mχinert . We have first investigated the DD of these three cases.
In particular, we have considered the SI and SD cross sections of these two DM components and compared their
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FIG. 8: Differential flux of γ-ray secondary radiation from the galactic center as a function of the photon energy.
We show the γ-ray spectrum produced by the three exemplary BPs 66, 69 and 72 for the active neutralino (purple)
and the inert neutralino (green), respectively. The FermiLAT data (with error) is presented in black and the
corresponding distribution for the background is shown in red (from Ref. [47]). When the two DM candidates are of
similar mass, as in BP 72, the two distributions are identical.
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FIG. 9: Positron flux versus energy produced by the three exemplary BPs 66, 69 and 72 for the active neutralino
(purple) and the inert neutralino (green), also shown the addition of the two (DM total, cyan), respectively. The
AMS-02 data (with error) is presented in black and the corresponding diffuse background is shown in red (from Ref.
[46]).
results with current and future experimental measurements. We have shown that the active higgsino is within the
future XENON-nT and DARWIN sensitivity, however, the inert higgsino cross sections are generally too low, which
make its identification extremely difficult, though not altogether impossible. In addition, we have studied the nuclear
recoil energy associated with the two DM components while interacting detector materials: Xe, Ge, Na and Si. Here,
we have shown that, again, for future Xe detectors, the active higgsino results can be well above the background
(especially at low energies), hence, that this DM component has a chance to be probed in future DD experiments
also for the purpose of extracting its mass. In contrast, the inert higgsino contributions are quite small and lower
than the background, although this DM candidate may become evident in the recoil distribution of Xe experiments
for significant exposures, when both the background and other DM signal will be known more accurately, in the form
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FIG. 10: Antiproton flux versus energy produced by the three exemplary BPs 66, 69 and 72 for the active neutralino
(purple) and the inert neutralino (green). Also shown is the addition of the two (DM total, cyan). The AMS-02
data (with errors) are presented in black and the corresponding background is shown in red (from Ref. [40]).
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of a modifiation to the dominant signal shape (at small to intermediate recoil energies). Finally, we have analysed
the ID rates, through γ-ray spectra as well as positron and antiproton fluxes, for both active and inert higgsinos. In
this case, we have found that all results stemming from active DM dynamics are well below the current limits and
the inert DM predictions are extremely small in comparisons, so that we have concluded that sensitivity here will be
minimal for years to come.
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